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INTRODUCTION

Cell organelles and viruses, each composed of several different
molecules, maintain their structure by a series of complex inter-
actions between constituent macromolecules. Precisely how these
molecules are arranged and what forces stabilize them are questions

which have attracted a great deal of interest. The title of a recent

review article, Self-assembly of biological structures (34), reflects
the orientation of most investigators in this field. The collective
aim of these investigators has been to dismantle the structurs into its
component molecules and then reassemble it in vitro under conditions
created by the properties of the molecules and the chemical environment.
The tacit assumption that undeflies all of these studies is that the

in vitro conditions reflect the cellular mechanism for generating these
structures. However, all of these studies ignore the gpatial and
temporal constraints on cell processes which often make it impcssible
for a "self-assembly" system to be workable. For example, recent
electron microscopy studies on virus formation and bacteriophage repli-
cation show that very definite morphological changes in the ovganization
of the cell accompanies the generation of these structures (13, 52).
This implies that cgrtain undefined cellular conditions must be
established before the viruses are synthesized. It is improbable that
such conditions are reproducible in the test tube. The present study

on the formation and structure of the oviduct basal body (centriole)
strongly supports the conclusion that these organelles are not created
by a self-assembly process.

The advantages of studying centriole formation as a model for



structure generation stems from the fact that this organelle is very
complex, WNot only are there seversl steps in its formation, but
there are several distinct ways that it may be formed (1, 6, 10, 14,
15 165 BY: 225 235 26, 28; 8%, 385 89 40, 42; 435 04590 B4y B5s:
66). Thus, experimentally interrupting the generation process at any
of the numercus stages of development is helpful in correlating
morphological events with cell physiolegy under near in vivo conditions.
Another advantage iz that biochemical and morphological data about the
generation, in addition to the chemical analysis of the isclated
mature centricle, can give information about general structure
formation that would not be detectable in the generation of a less
complex organelle. BSuch information contributes to an understanding
of how cells form and maintain their structural complexity.

The mature centriole is basically similar in structure, regardless
of the cell type in which it is found (2, 4, 5, 11, 15, 18, 19, 20,
24, 25, 37, 46, 50, 64, 67); however, the structure has different
names depending on its function, e.g., as a ciliary accessory in rat
trachea (64) it is called a bdsal body, while a similar structure in
unicellular ciliates is called a kinetosome (15). The geometric
format is that of a cylinder, 500 mp x 250 my, the wall of which is
composed of nine symmetrically spaced tubules embedded in an electron
dense material. Each of the nine tubules is partitioned into three
compartments, giving the impression that there are three 200 A sub-
tubules to each of the nine tubules. The transverse axis of each
triplet intersects the circumference of the lumeﬁ at ~45% near the

base and -.5° near the apex (25). This means that in & three-



dimensional view the triplet set appears as a sheet of three sub-
tubules which twists on its longitudinal axis as it extends from one
end of the cylinder to the other. This twist establishes a structural
pelarity (to the organelle) which corresponds to a functional pelarity;
i.e., the end where the triplet angle is smaller always gives rise to
the cilium while the other end produces the rootlet.

Attached to or associated with the centriole are certain accessory
structures. The organization of these structures varies with the
function of the centriole and with the animal species. Basal bodies
in vertebrate ciliated cells characteristically have one or two basal
feet extending laterally from their wall and a rootlet extending from
the proximal end deep into the cytoplasm (18, 20, 37, 50, 64). Fibro-
blast centrioles contain vesicles within their lumen (67), and
Paramecium kinetosomes have electron dense material, sometimes appear-

ing to be helically arranged, in this compartment (15). A common

accessory, which is very well developed in the protozoa Pseudotrichonvmpha
(25), is an arrangement of nine straight filaments radiating from a
circular filament located in the center of the centriole lumen., Fach
of the straight filaments joins one of the triplet sets which gives the
overall structure the éppearance of a cartwheel. Finally, many unicellu-
ciliate (10), have complex microtubule bundles aésociated with the
kinetcsome.

A survey of the literature reveals that new centrioles develop
either in association with the parent centriole or from various precursor

structures which develop independently. The former process is here



referred to as "centriolar" centriole formation while the latter is
called "acentrioclar” centriole formation. The centriolar process is
characterized by the appearance of one or more small centrioles
(procentrioles) at the proximal end of a diplosomal centriole (ll, 42,
53, 64, 67) or parent kinetosome (1, 15, 32, 49). Procentricles are
smaller ip diameter and shorter in length than the parent, and they
lack accessory structures. In vertebrate cells, small electron dense
aggregates (-80 mp) are associated with their appearance (11, 42, 53,
67). Procentrioles lengthen and increase in diameter while still
associated with the parent and finally break away to become a mature
centriole. The number of centvioles formed simultaneously per parent
centriole varies from one in diplosome replication (11, 42, 53, 64, 67)
and kinetosome formatiom (1, 15, 32, 49) to twenty in atypical spermato-
Paramecium (15) and Tetrahymena (1) have one additional variation.
Their prokinetosome is cnly generated on one specific side of the
parvent, and this side is eligned with the anterior-posterior axis of
the organism (15). Accessory structures are acquired by the centriole
as the organelle assumes its functional role in the cell,

The term "acentriclar centriole generation" emphasizes that the
beginning of centriole formation appears to be independent of any
existing mature centriole although this structure may synthesize the
procentriole precursor material (17, 64). These generative systems
occur in cells which manufacture a large number of centrioles (200-300)
in a relatively short period of time., This constraint results in the

synthesis of various types of procentriele precuvsor material, although



some of the material may act as a procentricle organizer (65).
Frocentriole formation appears tc¢ be the condensation or rearrangement
of this precursor material. The worphology of the material differs
between species and can appear as electron dense aggregates of various
sizes (6, 17, 22, 64, 65, 66); trellis-shaped membrane arrangements
(39); spherical aggregates of tubes (40); cylindrical cores (33). The
whole process seems to be very synchronous so that the stage of genera-
tion is uniform throughout the cell (33, 40). The maturation of the
procentriole into the centriole occurs in asscciation with the
precursor material. The precursors are apparently consumed in the
process (33, 65).

The protozoan Naegleria gruberi is capable of transforming from

an amceba without any diplesome into a flagellate with two basal bodiesg
(14, 58). This transformation occurs without the appearance of any
basal body precursor material - not even a procentriole! Likewise,
artificially fertilized sea urchin eggs are able to generate new
centrioles in the absence of an existing parent structure (16). In
contrast, the basal bodies of the ciliated cells in rat trachea are
generated by both the centriolar pathway and the acentriolar mechanism
(64) . These examples represent the extremes im capabilities that célls
possess for the production of centrioles.

The nucleic acid chemistry of centrioles has attracted interest
in recent years. Genetic and cytclogical studies on unicellular
ciliates imply that centrioles are autonomous structures, possibly
containing information for their own replication (1, 13, 49). However,

the results of these biochemical studies have been inconclusive.



Three laboratories have isclated kinetosomes from the unicellular

multiciliate Tetrahymena pyriformis (3, 27, 59). Their chemical

analysis gave a DNA content varying from 0 to 3.1% dry weight, depending
on the investigator and the method of extraction. The lack of
reproducibility makes it difficult to come to a conclusicn about the
presence of DNA. Hufnagel isclated the pellicle of Tetrahvmena and
reperts that there is 5 x 10-14 grams of DNA per pellicle; however, the
buoyant depsity of thié DNA is similar to nuclear DNA (29, 30). Possibly
nuclear DNA contaminates the kinetosomes during the isclation procedure.
Hufnagel suggests in a later study that the DNA from bacteria and other
organisms which Paramecium ingest could be a contaminant (31).

In contrast to the varied results cited for DNA, the same investi-
gatofs obtézined similar values for the RNA content of these structures
(2.5% dry weight) (3, 27, 59). These data are further supported by

the fact that isolated kinetosomes are able to synthesize proteins
under conditions which distinguish the system from cytoplasmic or
mitochondrial protein synthesis (60).

Light radicautographic detection of H3

-thymidine incorporation and
characteristic fluorescent staining have provided convincing evidence
for DNA in kinetoscmes of Tetrahymena and Paramecium (48, 62). Both

of the detection techniques are sensitive to DNAse, but not RNAse.
Smith-Sonneborn and Plaut have demonstrated that the incorporation of

3

-thymidine into the kinetosome is independent of the aucleus (63).
Unfortunately, no one has been able to obtain electron microscopic

radioautographic evidence for DNA in kinetosomes (47). This may be due

to Improper labeling and fixing techniques; however, since electron



microscopic methods better preserve the nermal structure of the cell,
the lack of labeling may mean that the light microscopic results are
an artifact created by the hafsh processing methods. In other words,
nuclear or mitochondrial contamination could have been introduced.

Every cell with centrioles undergoeé centriolar replication at
some stage of its life cycle, and presumébly there are scme structural
requirements which must be mzintained in all éf these processes. Some
of the mechanisms may not be apparent in one celil system or another
because they are cbscured by the metabolic processes necessary to
sustain life. However, cell systems which have a very definite
morphological sequence leading to centriole formation offer an oppor-
tunity to understand the events in replication. In this type of cell,
not only can the fine structure of the process be undexrstood, but
biochemical analysis is possible.

The present investigation was undertaken to extend our understand-
ing of centriole formation by studying a cell which generates numerous
basal bodies when it is properly stimulated. The fimbriated end of the
rhesus monkey oviduct meets these requirements iy s I reompplegelsy
deciliates following the removal of the ovaries, a process which
results in the loss of all the basal bodies in these cells. The
process can be reversed by injectiﬁg the animal with estradiol benzoate
(15-30 pg/day for four days). The reciliation is preceded by the
formation of basal bodies, and the first stages of basal body formation
are fairly syochronous.

This report begins by describing-in detail the morphological

events which occur in the formation of oviductal hasal bodies. Samples



of tissue are examined on each of the five days it takes the cell to
form a new complement of cilia, and an analysis of the chronology of
events is made. Autoradiograms are used to identify the structures
which incorporate tritiated nucleic acid precursors on specific days of
the differentiation sequence. Enzyme digestion of tissue embedded in
glycol methacrylate is used to elucidate the chemical composition of
the precursor as well as the formed structure. Finally, a serial-
sectioning and stereomicroscopic analysis of basal body structure is
described. A scale model of a fully formed basal body has been

constructed from this data.



MATERIALS AND METHODS

Experimental System

Rhesus monkeys - Macaca mulaita (Woodard Asiaric Corporation) -
weighing 4-8 kilograms were ovariectomized at least 6 weecks before use
to insure that the oviduct epithelium had returned to a basal state.
The animals were hormenally stimulated by injecting intramuscularly
30 pg per day of estradiol benzozte (Schering Corporation) in sesame
0il for 3 days. The animals received their injections twice daily;

15 pg in the morning and 15 pg in the evening.

After an appropriate time of stimulation, bicpsies were taken by
laporotomy from the fimbriated end of the oviduct and fized immediately.
The animal was then sutured and returned to an intensive care facility.

The surgery was handled hy a separate staff of specially trained
personnel. Sterile conditions were maintained at all times, and the
animals were treated postoperatively with appropriate drugs to insure
that their health remained normal.

Labeling of the Fimbriae

The fimbrise were labeled by performing & laporotomy and exposing
the tissue to radicactive precursors. A sterile cup was placed in the
abdominal cavity sc that the fimbriated end of the oviduct could be
placed in the container for extended periods of time. The cup was
filled with 1 to 3 milliliters of sterile, radiozctive solution, which
had been prepared by diluting 1:10 stock solution of labeled compound
with Lactated Ringer's solution (Abbot Company).

The administration of 100 ug/ml H3-thymidine, methyl-T,

(Sp. Act. 16.1 C/uM, New England Nuclear Company) was performed on the
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fourth and fifth days of estrogen stimulation. The left fimbriae were
treated with the radiocactive solution and the right fimbriae were
exposed to a Ringer's solution control. The soaking pericds were for
3 hours on each day, and a biopsy from each fimbriae was made after
each soak. The animal was returned to Animal Care after the second
soak, and on the tenth day of stimulation a final biopsy was made.

The fimbriae of a second animal were exposed to a 100 pg/ml solu-
tion of H3-uridine (Sp. Act. 36.6 c/mM, New England Nuclear Coxperation)
orn the fourth day of stimulation. The exposure period was for 60
mimites, and biopsies were made at 15 minutes, 30 minutes, and 60
minutes. A final biopsy was made on the seventh day.

Radicautography

Light Microscepy

Several sections, 1 u thick, were cut from blocks of labeled
fimbriae and mounted on subbed slides (.5% gelatin, .05% chrom Alum
solution). Additional sections from a nonradiocactive source were
placed on the same siides so that a background check could be made for
each slide.

The sections were stained with Weigert-TLillie stabilized iron
chloride hematoxylin (80°C) for 1 hour before being coated with Kodak
AR-10 stripping fiim. The slides were allowed to dry before being
placed in a light-tight slide box containing a desiccant (W. A. Hammond
Drierite Company). The boxes were stored in a 4°C refrigerator for 8
weeks.

The radicautograms were developed in D19-B developer {prepared

from component chemicals) for 6 minutes at 8%, After & Einsg in
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Sb5A (Acetic Acid-Ammonium Sulfate) the radioautograms were fixed for
5 minutes in Kodsk Rapid Fixer. Photographs were made with an
Aristophot camera mounted on a Leitz microscope. Polaroid P/N film
was used. |

Electron Micrascopy

One per cent Parlodion (Mallinckrodt) was prepared by diluting a
4% stock solution with amyl acetate and then filtering it through a
Millipore filter. Using the method of Salpeter (55), halfeslides
cleaned in 60°C Liquinox (Alconox, Inc.) and in acid (90% END3-907%
HC1, 1:1) were dipped in the 1% Parlodion and dried in a dust-free
box overnight before ugze. The evaporation of the solvent left the
slides covered with a removable Parlodion film.

Thip sections (800-1,000 R) were floated on a saturated aqueous
solution of uranyl acetate for 1 hour. After a half-hour rinse in
Millipore filtered water they were transferred tuv = drop of water om a
Parledion covered slide. The slide, containing 1 or 2 sections, was
dried on a hotplate. Each section was post-stained on the slide with
iead citrate for 1.5 minutes.

After the staining, the slides were coated with a carbor film and
then dipped in Ilford L-& emulsion (37°C) diluted 13-35 with distilled
water. The dipped slides were allowed to dry vertically for an hour,
and then placed in light-tight boxes containing a desiccant (Drierite
Company) and an atmosphere of argon. The boxes were stored for 3 and
6 month periods at 4°C.

D19B develcper wass used for 4 minutes (189C) to develop the

radioautograms. The slides were rinsed briefly in distilled water
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before fixing in 20% sodium thicsulfate for 5 minutes.
After development, the Parlodion film conteining the emulsion-
covered sections was floated off the slides onto a distilled water
bath. Two-hundred mesh grids were placed over the sections and the
floating film with the grid-covered sections was picked up using a
silicone-coated slide (Siliclad, Clay-Adams Company).

Analysis of ILabeling

Grain counts were made by counting the number of grains associated
with the basal body region per cell. Usually 300 cells were counted in
2

each section, and the number of cells containing 0, 1 3, etc.,

3 3

grains were tabulated. Background counts in the hasal body region were
made on sections of unlabeled tissue samples. Multiple counts on each
sample were made,

A normalized "t' test was used to test the hypothesis that the
grain distribution in the nonradicactive controls was the same as the
grain distribution in the radicactive samples. To test the effects of
various enzyme pretreatments an analysis of variance was made using the
total number of grains minus background for each section.

Enzyme Digestion and Chemical Treatments

Removal of Cell Components

Gilycol methacrylate was used as the embedding media (35) for all
of the following experiments. The permeability of this plastic to
water-soluble chemicals permitted the specific removal of RNA, DNA, and
proteins.

Sections were cut 800 - 1,000 A thick and floated on the enzyme

golutions, 1 section to each solution. In order to differentiate the
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effects of the nuclease digestion procedure from the effects of
variation in staining or section thickness, the first section of three
serial section; was treated with DNAse, the second with RMAse, and the
third with buffer. TIndividual sections were digested with Pronase and
compared with untreated samples.

The enzymes used included .01% DNAse (Worthington Company), .01%
RNAse (Worthington Company) and .01% Pronase (California Biochemical
Company) in pH 7.1 Tris buffer. Nuclease digestions were at 37°C for
12 to 14 hours while protease digestions were for 5 minutes to 1 hour
HE ZFYE.

The sections were rinsed by floating on distilled water for 1/2 to
1 hour. Then the sections were floated on 1% 0s0, (Merck Company),
preparec with cacodylate buffer (Table 1) for 1/2 hour. The sections
were mounted on formvar-coated slot grids and stained with the
féllowing sequence: Lead citrate (10 sec.); Uranyl acetate (10 min.);
Lead citrate (10 sec.).

Removal of labeled Compounds

After the whole piece of tissue was fixed in a gluteraldehyde-
formaldehyde fixative, it was cut into smaller pieces, and each sample
was washed for 24 hours at 37°C with cacodylate buffer. A sample block
of each labeling treatment was placed in either .01% DNAse, .01% RNAse,
or buffer control for 48 hours at 37°. The tissues were rinsed briefly
in diétilled water, postfixed in cacodylate buffered 1% 0804 for 2
hours and embedded in Araldite.

The DNAse was prepared by dissolving 1 mg of epzyme in 3 ml of

-1M phosphate buffer (pH 6.5) which contained .062 gr/50ml Mg S0y, .
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Phosphate buffer without MgSOa was used to prepare the RNAse (1 mg/2ml)

while the MgSO, containing buffer was used as a control.

Construction of Model

The two scale models (330 irs 1 ineh) of the basal body were
constructed from polyethylene tubes and sheets. Linocleum was used as
the base of the basal fobt. The tubes were held in place by inserting
them in holes which were drilled into a wooden platform at a 14° angle.
Elmers glue was used to attach the various polyethylene sheets. One
model, only containing the triplet tubes, was embedded in a plastic
resin {(R. B. Howell Company) and scale sections were cut on a band saw.

The photographs of the sectioned model were taken with a Hasselblad
camera (250 mm, £ 5.6 lens) using Kodak Pan-X film. The conplete model
was photographed with a Nikon F (55 mm, £ 1.4 lens) camera using Kodak
Tri-X fiim,

Electron Micrescopic Techniques

Fixation apd Embedding

Tissues were fixed in one of three types of fixatives (Table 1):
cacodylate bufiered .75% glutaraldehyde, a cacodylate buffered .75%
glutaraldehyde-37% formaldehyde mixture, or 70% absolute alecohel - 30%
glacial acetic acid mi#ture (Carnoy's fixative). Fixation in the
zldehyde fixatives %as for 30 minutes at room temperature while fixation
in the alcohol-acetic acid fixative was for an hour at 0°c, followed by
rehydration in a graded series of alcohols. All of the tissues were
stored in cacodylate buffer and washed from 24 to 48 hours at 37°C in
fresh buffer before embeddiag.

Araldite embedding was preceded by post-fixation with cacodylate



TABLE 1

Glutaraldehyde Fizative

0.75%
1.60%
4 .507%
0.05%

0.05%

Glutaraldehyde (Fisher Scientific Company)
Sodjum cacodylate

Sucrose

Calcium chloride

Magnesivm sulfate anhydrous

Glutsraldehvde-Forme Ldehyde Pixative

0.75%
3.00%
1.00%
4.50%
0.05%

0.05%

Glutaraldehyde

Paraformaldehyde (Fisher Scientific Company)
Sodium cacodylate

Sucrose

Calcium chloride

Magnesium sulfate anhydrous

Carnoy's Fixative

70.00% Absolute alecohol

30.00%

Glacial acetic acid

Osmium Tetroxide Fixstive

1.007%
1.00%
4 ST

Cacodylate

Osmium Tetroxide (Merck Company)
Sodium cacodylate
Sucrose

Buffer

1.00%

& 507

Sodiuzm cacodylate

Sucrose
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buffered 1% OSO4 for 2 hours at room temperature {(Table 1), After a
distilled water rinse the tissue was dehydrated to propylene oxide,
using a graded series of alcohol solutions, A 1:1 followed by a 1:2
propylene oxide:araldite mixture facilitated the impregnation of the
tissues with the resin. The tissue was then placed in an undiluted
mixture of Araldite (Ladd Company) before the final positioning of the
specimen in a Beem capsule filled with plastic. Polymerization was in
a 60°C oven for two weeks.

Some tissue was embedded in the water miscible plastic glycol
methacrylate (GMA) (35). The tissue was scaked in a series of polymer
solutions designed to gfficiently impregnate the tissue with plastic
and reduce polymerization artifacts. The sequence of tissue treatments,
conducted at 4°C, was: 807 GMA (Rohm and Haas Company) in water for
30 minutes; 96% GMA for 30 minutes; 30 minutes in a 7-parts GMA,
3-parts butyl methacrylate (BMA) mixture with 1% Benzyl Peroxide added
to the BMA (Rohm and Haas Company) as a catalyst; overnight soaking in
a prepolymer prepared by heating the GMA~BMA mixture to a critical
temperature and then rapidly cooling it in an ice bath. The tissue
was then placed in & gelatin capsule filled with prepoiymer. After
positioning the tissue; the capsule was placed in a holder and exposed
to >3160 & ultraviolet light (d. P. Allen Company, England) for 5 to
7 days at 4°C.

Coated CGrid Preparation

A formvar solution was prepared by dissolving .5 gm of formvar
(Shawinigar Resin Company) in 100 ml of dioxane. After the formvar

was completely dissolved, calcium hydride was added to absorb any
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water In the solution. Before using, the solution was twice filtered
through a Millipore filter (Solvinert filters, Millipore Company).

Slides clezned with lens paper were dipped in the freshly filtered
formvar and dried in a dust-free box overnight. & razor was used to
free the edges of the formvar film from the slide. The films were
then floated onto & water bath. Sonically cleaned grids were placed
on the floating film, and the film with the grids was picked up with a
Siliclad-treated slide. Siides with attached grids were stored in a
slide box.

§g§tioning

Sectioning was done with a Porter-Blum MT-2 ultramicrotome (Ivan
Sorvall Company). Glass knives for thick sectioning were made wiih a
Messer knife breaker (French Company). Thin secticns were cut with
DuPont diamond knives.

For the enzyme digestion procedure, serial sections, 800-1,000 A
were cut and floated on individual water troughs in order to maintain
the sequence of the sections. After the digestion, the trapezoid-
shaped sections were mounted on formvar-coated slot‘grids. The same
end of the section was over the hole in each sample. The grids were
stained and then placed in a vacuum evaporator. Carbon was evaporated
onto the grids in quarter-second bursts at 60 amperes at an atmospheric
pressure of 4 x 10—5 mn of mercufy. The grids were then coated with
silicon monoxide (Ladd Company); fifteen seconds of heating at 30

-
amperes, & x 10-° mm of mercury.
A new technijue was developed for doing the high resolutien

serial sectioning. To begin this procedure, a substratum was prepared
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by dissolving 3 gm of gelatin in 100 ml of boiling water. The liquid
gelatin was poured into a small petri dish and cooled to room temperature.

Serial sections were cut and transferred to the surface of the cooled,
liquid gelatin with either a bamboo stick or a wire loop and then spread
with trichloroethylene vapors. Large sections (1-2 mm sq.) were
arranged into rows, to preserve the sequence of sectioning, and
oriented with a hair to facilitate grid placement.

To gel the substratum the petri dish was placed in a refrigerator.
The petri dish was then placed under a stereomicroscope and tilted
approximately 45° to the plane of light produced by a fluorescent bulb,
so that the sections showed their typical refractile colors.

The section to be mounted was centered in the field of the
microscope and roughly oriented by rotating the dish. A grid was
picked up with & paiv of forceps and positioned so that the section was
visible through the grid. The section and the grid were brought into
register by manipulating the dish or the forceps. The front edge of
the grid was placed on the gel in front of the section or ribboa, and
then, while keeping the shadows cast by the grid bars aligned with the
sections, the back edge was lowered slowly to the surface of the gel.
Misplaced grids were picked up and new grids repositioned.

The gelatin wae liquified in a 60°C oven, and the grids picked up
with forceps. The excess gelatin was drained and the grid was floated
for 30 minutes on a 2% solution of acetic acid (60°C) section side
down. After this, the grids were floated for several minutes on a bath
of Tris buffer pH 7.1 (6008) to neutralize the residual acidity. They

were rinsed in distilled water (30 minutes, 60°C), dried in a grid
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holder and stained. Sections survived the staining procedure best if
they were rinsed gently and dried by touching their edges (not their
surfaces} to filter paper. Mounted sections were stabilized with carbon.

Electron Microscopy

Electron micrographs were taken with a Philips 200 at either 40 or
60 k.v. (50 u aperture). Stereo-photographs were obtained by photo-
graphing the specimen after tilting the stage forward and backwards 6°.
Kodak 3 1/4" = 4" Eilectron Image plates were used, and they were
developed in Kodek HRP developer. Printing was done with a Durst
enlarger on variable contrast photographic paper.

Several photographs were printed using the image enhancing method
described by Markham, et al.‘(38}.l Lantern slides (Kodak Company) of
the desired negatives were printed, and these slides were projected
onto a rotatable platform with a Durst enlarger. The image of the
structure was positioned sc that the center of the procentriole coincided
with the center of the platform. Another lantern slide was positioned,
the platform was rotated 40° and the slide was exposed for 1/9th the
amount of time necessary to obtain a regular photograph. This pro-
cedure was repeated eight more times for a total of nine superimposed
photographs. The slide.was developed and the negative obtained was

printed on varieble contrast paper.
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RESULTS

Basal Body Formation: Brief Summary

The rhesus monkey oviduct is an ideal system in which to study cell
differentiation because the statelof differentiation in each epithelial
cell is under the control of estrogen. Oophorectomy or hypophysectomy
will return the cells to an undifferentiated state, but when these
animals are injected with estrogen - or an estrogen derivative - the
epithelial cells divide, hypertrophy, and differentiate into either
ciliated cells or secretory cells, The ciliated cells predominate,
particularly in the fimbrize, where there are about 10 ciliated cells
to each secretory cell. The formation of a fully ciliated cell takes
about 6 days, with several wali—defined morphological events preceding
the final state (7, 8, 9). Basal body manufacture and cilia formation
in the oviduct takes a considerably longer period of time than in such

organisms as Parameciun or Tetrahkymena (1, 15).

The major steps in acentriclar {i.e., without the involvement of
a mature centriole) basal body formation in the rhesus monkey oviduct
have been described by Bremnner (7, 8, 9). The cuboidal epithelial
cells present in the oophorectomized animal first divide and then
hypertrophy within the first three days of estrogen treatment (Figs. 1,
2) . In those columnar cells that will become ciliated there appéar
numerous 40-60 mu electron-dense granules on the third day of injections.
These granules have been given various names by other investigators
(6, 17, 22, 64, 65), but are best described as fibrous graniles because
of their 50 A fibrillar component. The preocentrioles begin to form in

association with these fibrous granules, and simul taneously there
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Figure 1. The epithelium of atrophied fimbriae. Future ciliated
and secretory cells cannot be distinguished from each other.

Glutaraldehyde-formaldehyde, 5,920X

Figure 2. The epithelium of the fimbriae after four days of
estrogen stimulation. The cells have become taller and have acquired
many cytOpiasmic organelles. Secretory cells are becoming recognizable
as a result of an increase in density of their cytcplasm.

Glutaraldehyde-formaldehyde, 3,800%
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appears a dense sphere (80 mp diameter) at the base of each procentriole.
Each of these secondary bodies or deuterosomes (64) usually has the base
of one or two procentrioles associated with it; occasionally four pro-
centrioles radiate from one deuterosome. The procentricles develop
into basal bodies while maintaining these relationships and the fibrous
granules disappear when the basal body is completely formed. Until
cilia formation begins, each deuterosome remains attached to one basal
body of the several with which it may have been initially associated.
The basal bodies begin to acquire a single basal foot while migrating
to the luminal surfasce of the cell, and as the cilium begins to grow,

a rootlet is formed at the proximal end of eacli basal body. A new
group of fibrous granules appear in the apical cytoplasm at the time of
rootlet and cilia formation.

Acentriolar basal body formation is the major pathway for the
production of these organelles, but as in the rat trachea (64), there
is a second pathway of minor importance: centriolar basal body formation.
The first morpholdgically distinguishable event in this progression is
the migration of opme or both diplosomal centrioles to the apical end of
each cell azfter cell division. One of these centrioles usually produces
a rudimentary cilium. At about the time the fibrous granules appear,
procentricies begin to bud at right angles from the basal eand and
midregion of these centrioles. The number of procentrioles which
appear with each centriole varies from 1 to 10; the average is 4.
Usually there are fibrous granules adjacent to the developing procen-
triole. The procentriole matures while in contact with the centriole,

and the mature structure disassociates from the parent and mixes with
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the other basal bodies. Centriclar basal body formation follows the
same time course as the acentriolar pathway.

Centriolar Basal Body Formation: Detailed Analysis

It is not possible to distinguish between the secretory cells and
the ciliated cells on the third day of estrogen stimulation (Figs. 1,
2). Both types of cells are becoming taller, and well developed Golgi,
rough endeplasmic reticulum, peolysomes and numerous mitochondria are
evidence that the cell is actively synthesizing molecules necessary for
differentiation. When examining a thin section of developing fimbriaé,
one frequently encounters cells which have 1 or 2 centrioles located in
the apical region. The frequency of such observations indicates that
every cell goes through this stage. The diplosomal pair are usually
oriented at right angles to each other although various other orienta-
tions have been seen. Often one of the centrioles is acting as a basal
body for a rudimentary eilium (Figs. 3, 4).

The structure of the centriole is similar to those found in other
mammalian cells (2, 4, 5, 17, 42, 53, 67). 1Its basic geometzic form is
a cylinder measuring 500 mu in length and 250 mp in diameter (Figs. 3,
4). The walls of the cylinder are made of 27 tubules which are
arranged into 9 evenly spaced groups of 3. The centriole does not have
any accessory structures; however,)several modifications cceur when it
acts as a basal body for the rudimentary cilium. One or 2 pyramidal
basal feet project at right angles frqm the midregion of the cylinder
and occagionally there is a rootlet extending from the proximal end
deep inte the cytoplasm. In addition there is a filament radiating

from each triplet set near the basal body-cilium junction. This
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Figure 3. An epithelial cell on the third day of stimwlation.
The diplosomal centrioles have migrated to the lumenal surface, and one
centriole has produced a vudimentary cilium. Glutaraldehyde-

formaldehyde, 18,500X

Figure 4. A vudimentary cilium with a degenerating tubular system
(hollow arrow). Procentrioles are being generated from the free
cenktriole as well gs thg basal body (solid arrow). The presence of
procentrioles indicates that this cilium is older than the one in

figure 3. Glutaraldehye, 18,500X
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arrangement of 9 filaments may be analogous to the octagonal end
structure (67) or the transitional fibers (25). The details of basal
body structure will be described later.

An unusual number of aberrant cenlbrioles and acting basal bodies
are seen. The most frequently noted modification is a lengthening of
the structure with a2 concomitant decrease in diameter, almost as if it
had been stretched. Other modifications include degeneration of the
tubule system and(distortion of the basic cylindrical geometry. These
latter changes are most often seen in basal bodies which are iaducing
procentrioles to form.

The rudimentary cilium is similar to the primary cilium described
by Sorokin (64). Only one cilium per cell has been observed in secretory
cells as well as in future ciliated cells. The rudimentary cilia appear
on the third day of estrogen treatment which is 3 days before the main
cilia are formed. Rudimentary cilia are never seen after the fifth day
of estrogen stimulation, and therefore probably do oot become a part of
the main complement of cilia. |

The cell membrare is always modified in the region where the
cilium arises. Commonly the mewbrane is invaginated at the basal body
site toc form a cup from which the cilium emerges (Fig. 4)}. The cilia
in these sitwvations are short and wavy with an incoﬁplete tubule system.
In ¢ross-section, the peripheral doublets are imperfect and a degenerate
central pair is sometimes seen; the tips are often bulb-shaped. The
irregular structure of these ciliz seems to be the result of aberrant
tubule organization. In another frequently encountered organizational

pattern the cilivm extends from a finger-like projection of the cell
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gurface (Flg. 3). Heve the ellium ds tall and wery straight, with a
great deal more order than in the previcus case. These cilia with
their accompanying basal bodies are similar to those formed later,
although their tips seem to be more sharply pointed. It is possible
that these differences in structure reflect the age and therefore the
state of maintenance of the cilium,

The centriole-cilium and centriole-centriole relationships persist
into the fourth day of development. Late in the third day, procentrioles
(probasal bodies) begin to form at right angles to the wall of the
centrioles. Both centrioles, or the centriole and the basal body,
produce procentricles (Figs. &4, 5, 6). Fibrous granules appear near
the centrioles either shortly before or concurrent with the appearance
of the procentrioles (Figs. &4, 5). The number of procentrioles seen
associated with each centriole varies from 1 to 13, and they all seem
to be in the same stage of development. This indicates that the
differences in the number of procentrioles per parent is not the result
of variation in the time of procentriole initiation, but is due to the
difference in capacity of each centriocle to initiate procentriole
formation.

A centriole engaged in procentriole production appears in cross-
section to have a 40-50 mp thick coat of flocculent material around its
outer wall (Fig. 5). This material varies from amorphous to filamentous
and is not uniformly thick around the centriole. It sometimes rescmbles
the cortex of the deuterosome (to be described later) and it may have a
similar function. The base of the forming procentriole is enmeshed in

the outer region of this corona so that 30-40 my separate the parent
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Figure 5. Diplosomal centriole generating four procentrioles. The
procentrioles are emmeshed in a coropa of flocculent material that
encircles the parent. Fibrous granules are being deposited at the apical

end of a procentricle (arrow). Glutaraldehyde-formaldehyde, 37,000X

Figure 6. Procentrioles which are maturing into basal bodies while
assoclated with a diploscnal centriole., The presence of maturing basal
bodies which are asscciated with deuterosomes (arrow) indicates that the
acentriolar pathway is at the same sfage of development. Glutaraldebyde-

formaldehyde, 37,000X
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from the daughter during the early stages of induction. One or 2
filaﬁents extend into the base of the procentriole from the corona and
they are aligned with the lengitudinal axis of the daughter structure
(Fig. 5). The significance of these relationships will be included in
the description of acentriolar procentriole formation.

Generally the procentrioles form at right angles to the centriocle
but their lengitudinal and radial arrangement varies, depending on the
number of daughters and the state of the parent, i.e., whether or not
it has accessory structures. lThe centyicle has a capacity for induction
from the midregion to the base., This is substantiated by the fact that
serial sections show 1 set of 3 or 4 procentrioles encircling the
midregion and another set around the basal region of the same centriole.
Alternatively, the procentrioles spiral up the centriole from base to
midregion. The preszence of a basal foot oxr an anomaly in the centriole
structure will cause a distortion of the perpendicular orientation cof
daughter-axis to parent-axis. Characteristicaily, these procentrioles
point away from the cell surface which gives the impression that they
hive been pushed toward the basal end of the pareat. In extreme cases,
procepntrioles project from the basal opening of the centriocle lumen.

The variation in procentriole orientation and the differing
capacities for procentriole producfion demonstrates that centrioles
have a potential for procentriole induction that is not expressed by
similar organelles im other cell systems (1L, 11, 15, 23, 26, 32, 42,

53, 64, 67). It would seem that the centrioles, basal bodies, and
kinetosomes in the various cell types must have mechanisms which not

only regulate the number of procentrioles produced but the orientation
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of their induction. Yor example, in diplosomal centriole replication
(42, 53, 67), only one procentriole is formed at the basal end and in
the kinetosome. These controiling forces are not functioning in the
oviduct. The data, e.g., the loss of right angle orientation under
certain conditions of centriole structure, also indicates that the
procentriole organizing capacity is not a.function of its architecture,
i.e., the centriole does not act as a template for procentriole formation
(67). It is more likely that the parent possesses a molecularISpecies
which induces procentriole formation in the adjacent cytoplasm.

The procentriocles rapidly develop intc meture basal bodies by a
process of elongation and expansion. The characteristic daughter-to-
parent orientation is maintained throughout this phase (Fig. 6). The
mature basal bodies break away from the parent and join the populaticn
of basal bodies wade via the major pathway. The persistence of the
parent~to~daughter relationship until maturation of the daughter is
completed does not occur in unicellular organisms (1, 15, 32).

Acentriolayr Basal Body Formation: The Major Pathway

Late on the third day of the differentiation cycle, 40-60 mp
granules appear in the apex of those cells which eventually will become
ciliated. The granﬁles are irregularly shaped and vary in their electron
opacity. Stereomicroscopy reveals that the darker granules are composéd
of 40-75 A fibers embedded in an amorphous material. Often these fibers
radiate from the center of the granule with amorphous material adhering
in diminishing amounts towards the periphery. The fibers thus appear

to taper as they extend further from the granule center, giving the
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Figure 7. A stercomicrograph of an aggregate of fibrous granules.
Notice the fibrillar composition cf the granules. Numerous fibers of
different lengths and thicknesses are present in this aggregate.

Glutaraldehyde-formaldehyde, 28,000X
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granule a stellate appearance. The less electron dense granules seem
to be amorphous material without the fibers or with smaller diameter
fibers (Fig. 7).

Like other orgenelles these fibrous granules are arranged and
distributedrin different ways within the cell. Although individual
granules scattered throughout the apical cytoplasm are sometimes seen,
usually the granules are zggregated inteo regicns of the cell which are
devoid of other organelles (ribosomés, mitochondria, etc.). Three-
dimensionally, the regions appear as sheets, clouds, or spheres, and
their boundary is delimited by an obvicus difference in the state of
the cytoplasm betwesn the two phases. The ground plasm surrounding the
granules contains numerous fibers of various lengths and thicknesses
(40-80 A thick). The fibers are similar to those in the granules, and
appear to be composed of 40 A subunits. Sometimes several fibers are
grouped into hundles and occasionally microtubules are present, possibly
arising from the fibers (Fig. 7). 1In Araldite-embedded material, the
granules are generally scattered within these regions witheut much
order; in glycol methacrylate-embedded material the granules are
arranged in a more orderly pattern of strings and whorls (Fig. 55).
The conditions of Araldite embedding may slightly perturb the normal
orderly distribution of the granulés.

The fibrous granules appear just priocr to the formation of the
procentrioies and then disappear after the basal bodles. are completed.
The basal bodies migrate to the surface of the cell and begin to form
cilia, rootlets, and to complete basal foot maturation, at which time

more fibrous granules appear. At these two stages of ciliogenesis, a



32

Figure 8. The nucleus is located in the lower left corner of this
micrograph showing a fibrogranular sphere (black arrow). Fibrous
granules are located at the periphery of this sphere (white arrow).

Three procentrioles are at the right of the sphere. Glutaraldehyde,

37,000X
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fibrogranulatr sphere measuring up to 600 mp (Figs. 8, 9) in diameter
is sometimes scen. A gimilar strgeture, the fibregranulsy ageregate,
is a precursor te procentriole formation in rat trachea (64); the
sphere is not seen frequently enough in the oviduct to know whether it
is a precursor or just a fortuitous arrangement of fibrous granules.

The structure is composed of numerous ill-defined densities which seem
to have formed from & condensation of the surrounding matrix; it is
difficuelt to measure them because of the subtle change between dense
areas and light areas (Fig. 8). The denser areas, which are reminiscent
of the fibrous graaules, sometimes appear to be strung together into
whorls within the sphere. Near the periphery of the sphere, the
densities begin tc look more like fibrous granules. Further from the
boundary region the granules are more characteristic. The organization
cf the sphere, and the relationship of the granules gives one the
impression that the granules are being thrown out or distributed by the
fibrogranular sphere.

The kinetics of fibrous granule appearesnce and disappeavance as
well as the juxtaposition to developing procentrioles suggests that the
granules are consumed during the gynthesis of basal bodies. As will be
seen, the procentrioles begin to develop within the aggregates of
fibrous granules. Serial sections show that the granules become
symmetrically arranged around the distal end of the procentricle, and
then merge with the existing wall material (Figs. 5, 12? 14, 18). The
material of the procentriole wall is indistinguishable from the material
of the fibrous granulés. The granules also surround the regiod of the

developing basal foot and rootlet (Fig. 9). It appears in some
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Figure 9. A fibrogranular sphere (black arrow) in a cell which
is making cilia. ¥Fibrous granules are being deposited at the base of

the basal body (white arrows). Glutaraldehyde-formaldehyde, 18,500K
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photographs ag if the granules become attached to the wall or to the
proximal end of the basal body during the synthesis of the acCcessory
structures. The rcotlet fibers are similar to those found in the
fibrous granules,

It is difficult to determine the origin of the fibrous granules.
They appear very rapidly, and there is little delay between their
appearance and the beginning of procentriole formation. The granules
are not conspicucusly associated with other organelles; they are only

seen associated with centrioles that are producing basal beodies. The
granules have been scen within folds of the nuclear membrane. In these
instances there ware granules in the ngcleoplasm in juxtapcsition to
those in the cytoplasm (Figs. 10, 11). Other times the granules appeared
to be crossing the nuclear membrane. The relationship between the fibro-
granular sphere and the fibrous granules also suggests a product-producer
relationship. But like the association with the nucleus, this organi-
zational situation is rarely seen.

The procentrioles begin to form shortly after or simultaneously
with the appearance of fibrous granules. When a procentriocle is
recognized, it usually appears to be growing from an electron dense
sphere (Figs. 12, 13)}. This sphere measures 80-90 my at maturity. One
or 2 precentricoles projecting from one sphere is the most common
arrangement, but a&s wany as 4 procentrioles to 1 sphere have been seen
(Fig. 13). There are occasions when a newly developing procentriole is
not associated with this secondary body at all. A similar structure
appears in the rat trachea during ciliogenesis, and has been termed a

deut eroscme by Sorokin (64). The same terminolegy will be used in this
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Figure 10. Fibrous granules (arrow) located within the fold of

the nuclear envelope (N). Glutaraldehyde-formaldehyde, 46,500%

Figure 11. Fibrous granules (arrows) seem to be located on both
sides of the nuclear envelope (N). In some regions, granules appear to

be crossing the nuclear envelope. Glutaraldehyde-formaldehyde, 46 ,500%
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report; other investigators have used the terms "condensation form" (17) -
and "procentriole organizer' (65) to denote the ssme organelle.

There is little variation in the structure of the deulterosome in
the fhesus monkey oviduct. The organelle is usvally spherical but
occasicnally appears either ovid or kidney shaped. The sphere is
composed of fibers which are organized differently in the center than at
the periphery, producing a corticomedullary organization (Fig. 26). The
medulla is the densest and therefore the most noticeable region, and it
is composed of tightly interw@ven fibers (50 A) with a surrounding
matrix. At the transition between the madulla and cortex the amorphous
matrix becomes thinner, and the fiberslbecome oriented perpendicular to
the medulla. The matrix material diminishes toward the outer cortex,
and the radially arranged fibers become less numerous. The deuterosome
igs always a golid structure, but the cortical region varies in promi-
nence. 7This is in contrast to the hollow deuterosomes which sometimes
appear in rat trachea (64}. Usually the cortex is best developed in
the later stages of basal body formation.

The deuterosome has the same spatial relationghip to the procentriole
as the diplosomal centriole does during centriolar basal body formatiom.
This relationship has led some investigators to cenclude that the
deuterosomes (and diplosomal centrioles) somehow "generate" or organize
the procentriole (17, 64, 65, 67). 1t is difficult to decide what link
there might be between a spherical mass of fibers and any procentriole
generative powers but in the monkey oviduct thevre is definite structural
continuity between the cortex of the ﬁeuterosome and what will later be

described as & "cartwheel" (25). 7The filaments of the cartwheel are
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similar te the fibers of the deuterosome, and in a lengitudinal section
cf a procentriole the central cylinder of the cartwheel appears to
originate from the deuterosome (Fig. 20). In contrast to this struc-
tural relationship is the observation that some procemntrioles can be
initiated and presumably develop independently of either a deuterosome
or a centriole.

The deutercsome is generally not distinguishable from a fibrous
granule unﬁil it is seen associated with a procentriole, and the
structure remaing attached to at least one of its daughter basal bodies
until cilia formation ie initiated. In the early stages of procentriole
development the deuterosome is 5-10 mp smaller in diameter than when
mature. It is much more irregularly shaped at this stage and somewhat
resembles an enlarged fibrous granule (Fig. 12). Thus, the deutercscme
not only originates within an aggrégate of fibrous granules, but it is
structurally similar to them in early procentricle formation. This
suggests that the fibrous granules have a deuteroscme precurser component
as well as a procentriole precursor component. Other investigators have
suggested a similar origin of deuterosomes {17, 64}.

Procentriole Formation: Serial Section Analysis

A procentriole is first recognizable a@s an annulus of amorphous
material which has an ivregular outside diameter (100-195 mu), a very
uniform internal diameter (85 mu), and an approximate length of 125 mp
(Fig. 16). The variation in the ocutside diameter is created by the
unequal distribution of material arcund a uniformly circular band which
demarcates the circumference of the lumen. This wall material is either

amorphous or fibrous and dees not contain any microtubules or subfibers.
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Figure 12. A tightly arranged group of procentricles which have
formed within an aggregate of fibrous granules. Notice that the
deuterosome (white arrow) has a similar structure to the fibrous
granule (arrow head) at this stage of development. Giutaraldehyde-

formaldehyde, 28,500X
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Figure 13. A deuterosome inducing four procentrioles to form.
Fibrous granules apparently are being deposited at zpex of one

procentriole {arrow}. Glutaraldehyde, 24,000X






41

The annulus is formed within groups of fibrous granules almost
immediately after the granules are synthesized. Because of this inti-
macy it is very difficult to interpret the initial phases of annulus
formation. Several favorable sections indicate that the circumferential
band is formed from fibers, or thin sheets of material, which are similar
to those associated with tﬁe granules. Fibrous granule-like material
simultaneously gathers around this band, and the individual granules are
recognized as segmentations of the wall material (Fig. 14). The circu-
larity of the lumen does not seem to be established immediately. A
filament system which is analogous to the cartwheel (25) begins to form
at this stage (Figs. 14, 15).

A high magnification micrograph of an early procentriole sectioned
through its base shows a remarkable arrangement of filaments within the
lumen. It is apparent in such a section that 9 filaments radiate sym-
metrically fram a central filamentous ring to 9 equidistant points on
the procentriele's lumenal clrcumference (Figs. 16, 18, 22). The
figure 9 is partly conjecture because not all of the filaments are
clearly seen; however, other evidence indicates that the structure has
nine-fold symmetry. A longitudinal section reveals that the centrally
placed filament ring is really a very thin walled (-40 A) cylinder
which extends from the base to the ‘apex of the procentriole (Fig. ZOJ.
When a deutercsome is present this cylinder seems to merge with the
cortex material. The addition of the third dimension to the interpre-
tation of this filament system establishes that elements which extend
from the central cylinder to the circﬁmferenee are rod-chaped filaments

rather than sheets. They originate at right angles to the cylinder,
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Figure 14. A transverse section of a forming annulus. Fibrous
granules (black arrow) are being arranged to form the wall of the
annulus. The lumenal band (white arrow) is being formed, and a partially

complete cartwheel is in the future lumen. Glutaraldehyde, 85,000X

Figure 15, A diagrammatic interpretation of the earliest stage of
procentriole formation. At this stage, neither the snnulus nor the

cartwheel are completed,
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Figure 16. An annulus cut transversely (black arrow) and
longitudinally (white arrow}. Although the cartwheel is well developed,
fhe A tubules have not begﬁn to form. The black arrow points to a
region where fibrous granules are being added to the wall material.
This figure shows the diameter and length of the proéentriole at this

stage of development. Glutaraldehyde-formaldehyde, 77,000X

Figure 17. A diagram showing A tubule initiation. The cartwheel
is complete, and the first A tubule is completely initiated with its
inside and outside 100 A sheets formed. Counterclockwise from the first
tubule, a second A tubule is forming. It has not become attached to the

lumenal atiachment site.
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and they seem to be more numerous near the base of the procentriole.

More information about the radial arrangement of this structure
can be obtained by studying photographs which have been processed to
enhance the image detail (38). The negative image of a structure which
appears to have radiel symmetry, e.g., a transverse section of a
procentriole, can be projected onto 2 rotatable platform. The center
of the platform ig aligned with the center of the-image. After a piece
of film is put inmtc place, the platform is rotated and & photograph is
taken every 40° of arc. The exposure period for each photeograph is
equal to 40/360th (1/Sth) the time necessary for a normal print. Forty
degree stops will reinforce a nipe-fold symmetry, but one can test for
other symmetries by choosing an appropriate arc spacing. In the case of
the cartwheel structure, each of the 9 radial filaments seen in the final
photograph represeﬁts the superposition of all 9 filaments, i.e., each
filament is the average of ¢ photograpbs of 9 different filaments. The
result is that whereas 1 or 2 individual filaments may be incomplete or
absent, the superposition of the other & will fill in the void. Although
this reinforcement process can effectively increase the resclution one
must conservatively interpret these photographs, e.g., a particularly
e¢lectron dense structure could reinforce with aﬁy chosen symmetry.
Thus, there may never be 9 filaments all within the same plane of
section, but the ones that are present will reinforce only with nine-
fold symmetry.

Figure 23 is a processed photograph of figure 16, a very early
procentriole. The triplet tubules have not begun to form, but the

basic pattern of the cartwheel structure has been established. The
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photograph shows that the system is more complex than the criginal
micrograph had indicated. 7The band of material which delimits the
lumen of the procentriole is segmented into 9 electron dense regions.
Within the lumen in juxtaposition to each dense region there is a
100 A long dense filament criented parallel to the plane of the lumenal
circumference. Hach of these 30 A thick anchor filaments is spaced
85 A from the dense region, and there is a suggestion that a connection
exists between the two. The spokes of the cartwheel have two compcnents.
Arising at right angles to each anchor filament is a 30 A thick filament
which extends toward the center of the lumen for 165 A {cuter spoke
component). There is a slight curvature to this filament. The second
part of each spcke is a 40 A thick filament which originates from the
central cylinder and projects outwardly for 100 A to terminate just
clockwise to the endings of the 30 A filaments (inner spoke component) .
The central cylinder is 135 A in diameter. This three-part pattern of the
cartwheel will be reinforced and strengthened but not modified as the
procentriole develops. A three-dimensional descriptiom of the structure
revealed by this photographic procedure will be given later.

Single Tube Formation

Very shortly aftef the annulus is formed, single 200 A diameter
tubules begin to appear within the wall material. These tubules appear
first in the thicker regions of the wall (Fig. 18). A micrograph of a
procentriole engaged in tubule formation shows that each tubule begins

as 2 40-50 A thick fiber which is formed into a hzlf circle. The open
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Figure 18. A transverse secticn of a procentriole which is
beginning A tubule initiation. Three A tubules are complete on the
left side of the organelle. Notice that the wall material is thickex
here, and that fibrous granules seem to be merging with the wall (arrow).

Glutaraldehyde, 110,000X

Figure 19. A procentriole with all of the A tubules present. At

the arrow, an A tubule, with its 100 A sheets, which has not attached

to the lumenal band. Glutaraldehyde, 93,000X
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half of each incomplete tubule is randomly oriented with respect to the
lumen of the procentricle (Fig. 17). ELEventually more material is added
to complete the tubule, but the tubule wall is nct as thick in the
recently completed region (Figs. 18, 19). The final tubule has a
uniformly thick wall and two 1060 A long fibers project at right angles
from the wall. The fibers are positioned 180° apart on the tubule, and
one of them attaches to the circumferential band.

Serial sections of a procentriole at this stage do not contribute
to the understanding of tubule development because the structure is
only 1725 mp long. However, tube formatioﬁ does take place in three
dimensions and figure 17 is an interpretation of this process. What was
repregented as a fiber in the photograph of a transversely sectioned
procéntriole is shown as a thin wall of material. Tubule formation,
then, begins by the formation of 2 half eylinder. The completion of
the cylinder probably begins at the base and proceeds apically. The
100 A long fibers originating from the tubule wall are actually sheets
of material whicli extend the length of the tubule. The circumfer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>